We report a systematic study of contact angle hysteresis (CAH) with direct measurement of the capillary force acting on a contact line formed on the surface of a long glass fiber intersecting a liquid-air interface. The glass fiber of diameter 1-2 μm and length 100-200 μm is glued onto the front end of a rectangular cantilever beam, which is used for atomic force microscopy. From the measured hysteresis loop of the capillary force for 28 different liquids with varying surface tensions and contact angles, we find a universal behavior of the unbalanced capillary force in the advancing and receding directions and the spring constant of a stretched meniscus by the glass fiber. Measurements of the capillary force and its fluctuations suggest that CAH on an ambient solid surface is caused primarily by two types of coexisting and spatially intertwined defects with opposite natures. The contact line is primarily pinned by the relatively nonwetting (repulsive) defects in the advancing direction and by the relatively wetting (attractive) defects in the receding direction. Based on the experimental observations, we propose a "composite model" of CAH and relevant scaling laws, which explain the basic features of the measured hysteresis force loops.
I. INTRODUCTION
Contact angle hysteresis (CAH), where the motion of a contact line (CL) between a liquid interface and a solid substrate is pinned by the physical roughness and/or chemical heterogeneity on the solid surface, is an outstanding problem in interfacial dynamics and has been with us for many years [1] [2] [3] [4] . The contact line pinning causes the contact angle between the liquid and solid surfaces to depend on the direction of fluid motion [1] . While considerable progress has been made recently in controlling the wettability of various textured solid surfaces [5, 6] and in understanding the energetics associated with deformable soft substrates [7] [8] [9] , one still has a poor understanding of CAH. This is particularly true for many ambient solid surfaces of interest [3] . Up to now, we do not have quantitative theoretical or experimental answer to such simple questions as how CAH is determined by the basic features of the substrate-fluid interactions [3, 4] .
In 1984, Joanny and de Gennes [10] proposed a model (JG model) to explain CAH by considering the pinning effect of individual defects. In particular, they calculated CAH for a single defect based on a mechanical balance between the elastic restoring force due to the deformation of the liquid interface and the pining force. Since then many experiments have been carried out focusing mainly on simple model systems with a single or a regular array of synthetic defects with sizes varied from milli-or micrometers [11] [12] [13] [14] [15] [16] to nanometers [17] [18] [19] . While these experiments provided useful information about CAH at the single defect level, our understanding of CAH for ambient surfaces, which have real-world features such as irregular overlapping defects at different length scales, is still limited. The lack of experimental progress is partially due to the fact that direct observation of the contact angle in the * Corresponding author: penger@ust.hk immediate vicinity ( 1 μm) of a moving contact line (MCL) is difficult with conventional optical methods [20, 21] . As a result, most contact angle measurements were conducted in the region 10-20 μm away from the core region of MCL. The pinning of a CL at the microscopic level causes the CL dynamics to be very sensitive to the distance away from it, at which measurements are made [2] [3] [4] . These features make CAH a truly multiscale phenomenon. Direct measurements of CAH at the CL and capillary force fluctuations are therefore needed in order to test different theoretical ideas.
Recently, we developed a hanging fiber probe based on atomic force microscopy (AFM) for the study of interfacial dynamics [22, 23] . As shown in Fig. 1 , the "long needle" AFM involves a vertical glass fiber of diameter d 1.6 μm and length 95 μm, which is glued onto the front end of a rectangular AFM cantilever. As a sensitive mechanical resonator, the hanging fiber probe can accurately measure a minute change of its viscous damping, when the fiber tip touches a liquid-air interface, at which a circular CL between the liquid interface and fiber surface is formed. In recent experiments [24, 25] , this "long needle" AFM was fully calibrated and used to measure the friction coefficient of a fluctuating CL. The hanging fiber probe shown in Fig. 1 can also serve as an accurate force apparatus capable of measuring the capillary force [26, 27] ,
acting on the circular CL. In the above, πd is the CL length and θ i is the contact angle. The sign of f is defined as f 0 for θ i 90
• and f > 0 for θ i > 90
• . In this paper, we report a systematic experimental study of CAH using the AFM-based capillary force apparatus. By accurately measuring the hysteresis loop of the capillary force for 28 different liquids with varying surface tensions and contact angles with the glass fiber, we find a universal behavior of the elastic restoring force of the pinned liquid interface and the unbalanced capillary force in the advancing and receding directions. The experiment demonstrates that CAH is caused primarily by two different sets of relatively wetting and nonwetting defects on the fiber surface.
The remainder of the paper is organized as follows. We first describe the working principle of the AFM-based capillary force apparatus in Sec. II. The experimental procedures and sample preparation methods are also presented in Sec. II. The experimental results and further discussions are given, respectively, in Secs. III and IV. Finally, the work is summarized in Sec. V.
II. EXPERIMENT
A. Working principle of the AFM-based capillary force apparatus Figure 1 shows the working principle and the actual setup of the AFM-based capillary force apparatus. By moving the fiber up or down through the liquid interface at a constant speed U, one can use AFM to accurately measure the capillary force acting on the MCL as a function of time t or traveling distance s = Ut [see Eq. (1)]. When there is no hysteresis in the advancing and receding directions, the measured steady-state force is very smooth with little fluctuations and θ i (t) takes the equilibrium value θ 0 . For instance, with a freshly plasma cleaned glass fiber, we find the value of θ 0 for the water-air interface is zero and little hysteresis is observed (see Table I ). For many other liquids listed in Table I , however, the advancing force f a (=πdγ cos θ a ) measured when the fiber is pushed downward is smaller than the receding force f r (=πdγ cos θ r ) when the fiber is pulled upward. Therefore, the resulting advancing contact angle θ a [= cos −1 (f a /π dγ )] is larger than the receding contact angle θ r [= cos
. It is also found that fluctuations of the steady-state force increase with CAH, which is characterized by the capillary force difference per unit length
where the mean values of f a and f r are used to define θ a , θ r , and f h . The apparatus shown in Fig. 1 has several useful features for the study attempted here. (i) With an accurate calibration, the AFM can measure the capillary force down to 10 pN at the accuracy of 0.2%. (ii) Because θ i is determined directly by the capillary force acting on the MCL, it is the contact angle most relevant to CAH. (iii) By moving the fiber up or down through the liquid interface, one can immediately tell whether it is pinned or not and measure θ i at a high sampling rate (up to 1 MHz). Such a real-time measurement of θ i allows one to directly study the pinning-depinning dynamics of the MCL. (iv) Similar devices using a hanging fiber probe with diameter d ∼ 25 μm [26] and d ∼ 20 nm [19] have been used to study the wetting dynamics. In the present experiment, we use the glass fibers with diameter 1-2 μm and length 100-200 μm. The use of a micron-sized fiber provides a proper spatial averaging over the CL length πd for the study of stick-slip-like motion of the MCL over a wide dynamic range. This mesoscale CL length is long enough to avoid seeing peculiar effects of a few individual defects but is short enough so one can still observe large fluctuations in the measured capillary force. In addition, the overall dimension of the hanging fiber is designed so one can ignore the buoyancy force acting on the fiber and have an easy operation in microassembly, fiber surface cleaning and treatment, and handling of liquid interfaces.
B. Preparation of hanging fiber probe
The assembly of the hanging fiber probe is carried out under a high-magnification stereo-microscope using a motorized micromanipulator system. The thin glass fiber is pulled out of a capillary glass rod of diameter 1.0 mm using a pippette puller. A UV-curable glue (Norland, NOA 81) is used to permanently connect the glass fiber to the front end of a rectangular tipless cantilever beam. Commercial silicon microcantilevers (Nanosensors) with the spring constant k = 2 N/m are used in the experiment. As shown in Fig. 1 , the fiber was tilted at an angle 11
• with respect to the cantilever normal so the hanging fiber becomes normal to the liquid-air interface when the cantilever is mounted to the AFM holder. In the experiment, the z-axis piezo of the AFM is used to move the fiber up or down at a constant speed U . As the fiber moves vertically, the circular CL sweeps over the surface of the glass fiber.
A freshly prepared glass fiber probe is cleaned using a low vacuum plasma cleaner at the power 40 W for 15 min before mounting it to the cantilever holder. The vacuum is kept at about 600 millitorr during the plasma cleaning. After the plasma cleaning, the glass fiber probe is examined under a scanning electron microscope (SEM) and no visible damage is found on the surface of the glass fiber and UV glue. The plasma cleaning is also conducted at the power 70 W for about 1 h and no visible damage is found either. The fiber diameter d is determined from the SEM image. During the AFM experiment, the portion of the glass fiber in contact with the liquid is further cleaned by ethanol prior to each measurement to ensure that the force measurements are reproducible for each fluid sample.
C. Preparation of liquid interface
The liquid-air interface is prepared using a stainless steel well 10 mm in diameter and 5 mm in depth. The well has a sharp circular edge to pin the liquid-air interface in order to reduce unwanted surface flow. The stainless steel cell is mounted inside a closed AFM liquid cell. Prior to each measurement, the sample cell is thoroughly cleaned following the procedures as described in Ref. [22] . The entire liquid cell is sealed with a flexible rubber diaphragm to minimize the evaporation of the liquid sample. A stepper motor is used to move the entire liquid cell toward the AFM cantilever with an accuracy 0.1 μm.
The properties of the 28 liquid samples used in the experiment are given in Table I . These liquids were chosen because their interfacial properties are stable and a wide range of interfacial tensions and contact angles are covered. The values of θ a and θ r for different liquids with a freshly plasma-cleaned glass fiber are obtained using Eq. (1).
D. AFM operation
Measurements of the capillary force f are conducted using an AFM (MFP-3D, Asylum Research) under the contact mode. All of the cantilevers used in the experiments are calibrated individually using the thermal power spectral density method. All the AFM experiments are conducted in a lab room with a vibration-isolation floor. In addition, the entire AFM system sits on an active vibration-isolation table, which further reduces the effect of surrounding vibrations.
For a typical value of f = 100 nN and k = 2 N/m, we find the vertical displacement δz of the cantilever itself due to its deflection under the action of f is δz 100 nN/(2 N/m) = 50 nm. This value of δz is negligibly small compared to the typical traveling distance s of the hanging fiber, which is of the order of micrometers. The corresponding angular deflection for a rectangular cantilever with a beam length = 200 μm is δθ = arctan[δz/ ] 0.01
• . This value of δθ is so small that it will not affect the vertical orientation of the hanging fiber relative to the liquid-air interface.
The hanging fiber probe can also be used to directly measure the surface tension γ . This is achieved by slowly pulling the glass fiber out of the liquid-air interface and finding the maximum value of the measured capillary force f m just before the fiber detaches from the liquid interface. When the CL reaches the tip of the glass fiber, it is pinned by the sharp edge of the fiber end. As the fiber is further pulled upward, the meniscus is stretched, causing the capillary force f to increase and the contact angle θ i to decrease until the meniscus becomes parallel to the fiber surface (i.e., θ i = 0) [27] . At this point, the measured f reaches the maximum value, f m = πdγ [see Eq. (1)]. The value of γ can be calculated using this equation when the value of d is known. With this method, we are able to obtain the correct values of γ for the liquids listed in Table I when compared with their literature values.
III. EXPERIMENTAL RESULTS
Figure 2(a) shows a typical hysteresis force loop obtained at a water-air interface. An uncleaned glass fiber is used here so fluctuations of the capillary force are enlarged by the large heterogeneity spots on the glass surface. The red curve shows how the measured f changes when the glass fiber is pushed downward (→) at a constant speed U = 0.1 μm/s. Before the start of the motion, the fiber was already partially immersed in the water and the contact line was pinned on the fiber surface. When the fiber advances, the pinned interface is stretched, causing a linear increase of f with the distance traveled s, as shown by a straight line at the beginning of the red curve. When the restoring force becomes larger than the pinning force, the contact line begins a stick-slip motion, as evidenced by the horizontal fluctuations in the force curve. When the direction of motion is reversed (←), the same pinning-depinning is repeated, as shown by the black receding curve in Fig. 2(a) . Figure 2 (a) reveals some interesting generic features, which were also observed in the hysteresis loop of the frictional force for a softer AFM tip sliding over a hard solid surface [30] . It is seen that the steady-state force fluctuations have a sawtoothlike symmetry with a slow accumulation of force followed by a sharp release. This effect is observed in both advancing and receding directions, as marked by the two small boxes in Fig. 2(a) . Furthermore, the local pinning-depinning events in the advancing curve occur at locations that differ from those in the receding curve. the measured f h for the octanol-air interface is much smaller than that for the water-air interface, the differences between the advancing and receding traces are clearly observable. Figure 2 (b) also shows a side-by-side comparison of two steady-state advancing traces (→) obtained on the same segment of the fiber in hexanol (upper red curve) and in octanol (lower red curve). The two traces reveal almost identical force fluctuations, confirming that these force fluctuations are the "fingerprints" of the same surface heterogeneity. It is also found that even for a cleaned glass fiber, there are still some large intrinsic defects on the fiber surface, which give rise to a number of large spikes in the measured force curve (not shown in Fig. 2 ). These large force spikes are reproducible in both the advancing and receding directions and become a unique set of position markers for the glass fiber under study. In the experiment, we use these position markers to align the advancing and receding curves, as shown in Fig. 2(b) .
From the measured hysteresis force loop in Fig. 2(a) , we obtain two characteristic properties of the hysteresis loop. The first is the capillary force difference f h per unit length given in Eq. (2), which is obtained from the mean value of the upper and lower sides of the hysteresis loop. Figure 3 shows how the measured f h changes with γ sin θ 0 for 27 different liquid samples. Because the equilibrium contact angle θ 0 is not known a priori, we estimate its value via the equation, cos θ 0 (cos θ a + cos θ r )/2. In addition to a simple hydrocarbon (decane) and a fluorocarbon (FC77), we also use a variety of organic liquids with varying head groups, including alcohol, amine, benzene, and weak acid, as shown in Table I . To have a better comparison, some of the measurements were made using the same portion of the glass fiber. In fact, the measured f h is found to be invariant with the location of the fiber surface and is not sensitive to the fiber speed U in the range studied (0.1-10 μm/s). Six organic liquids including decane and FC77 are found to be of approximately zero hysteresis (f h 0) and their contact angle is also approximately zero. All the data points in Fig. 3 superimpose onto a single master curve, suggesting that the measured f h for different liquids is determined by a common mechanism, which will be discussed in Sec. IV below.
The second property is the elastic restoring force shown on the left and right sides of the hysteresis loop, which is generated by stretching the pinned meniscus around the fiber. As shown in Fig. 2(a) , the linear variation of f is very smooth, indicating that the CL pinning is strong and no visible slip occurs. When the fiber is pulled upward (or pushed downward) by a small distance dz, the contact angle is reduced (increased) and the resulting restoring force becomes F s K s dz, where K s is the spring constant of the (deformed) meniscus. Figure 4 shows the measured K s /γ as a function of sin θ 0 for 16 organic liquid samples. Here θ 0 is determined in the same way as for Fig. 3 . There are two values of K s for each hysteresis loop; one is from the advancing trace and the other is from the receding trace. These two values of K s are found to be approximately the same for all the liquid samples studied. The error bars in Fig. 4 show the typical differences between the two values of K s obtained in the advancing and receding directions.
In Fig. 4 , we also include four data points obtained when the glass fiber is placed in water for a while up to an hour. During this period of time, the capillary force hysteresis starts to grow slowly and we measure the hysteresis force loop (and hence the values of K s , γ and sin θ 0 ) at different time lapses. It is found that the capillary force hysteresis increases from ∼0 to ∼80 nN after the glass fiber is immersed in water for 3 h. We believe that the increase of the hysteresis is due to a slow chemical reaction on the glass surface in contact with water (e.g., surface ionization), which gives rise to a slow change of the water-glass interfacial tension (and hence the contact angle θ i ). It is also found that the surface tension of the water-air interface decreases with time slowly, most likely due to contaminations at the water-air interface. This occurs after the glass fiber is immersed in water for more than an hour. Figure 4 reveals that all the data points superimpose onto a single master curve, which is well described by Eq. (14) (solid line) to be given below.
IV. FURTHER ANALYSIS AND DISCUSSIONS

A. Contact angle hysteresis on an ambient solid surface
Theoretical models explain CAH based on a mechanical balance between the elastic restoring force due to the deformation of the liquid interface and the pining force produced by surface heterogeneities [4] . For a single defect, the JG model [10] predicted two typical hysteresis force loops, which are presented graphically in Fig. 5(a) . When a MCL approaches a single nonwetting (repulsive) defect located at s 1 , it is opposed (or pinned) by the defect so the force f acting on the substrate increases with moving distance s, having a slope equal to the effective spring constant of the deformed contact line (red curve in the left loop). This situation lasts until the elastic restoring force cannot be balanced by the pining force anymore. On the receding (black curve in the left loop), the CL will snap off from the defect (i.e., the CL slips), causing a sudden jump in f at s 1 (with a small shift less than the defect size w). Because the magnitude of f decreases with further increase of s (moving away from the defect), there is only a very weak pinning force in the receding direction. The asymmetry between the advancing (red) and receding (black) curves was used to explain CAH [10, 26] . The situation is reversed for a wetting (attractive) defect, as shown by the right loop in Fig. 5(a) . For CAH on a random surface, the red curve in the left loop corresponds to the situation when an advancing CL approaches a nonwetting region of the solid surface. When a receding CL approaches the same nonwetting region, the force is depicted by the black curve in the left loop. Similarly, the pinning of a CL by a wetting region can be qualitatively described by the right loop.
Evidently, the measured hysteresis loop in Fig. 2(a) does not have the basic symmetry as predicted by either of the loops shown in Fig. 5(a) . Instead, the measured advancing curve has a symmetry similar to the red curve for a relatively nonwetting (repulsive) defect (region) and the receding curve has a symmetry similar to the black curve for a relatively wetting (attractive) defect (region). Thus the two curves are linked by two different types of defects on the surface. Based on these observations, we propose a "composite model" of CAH for an ambient solid surface, which contains two sets of coexisting and spatially intertwined defects with opposite natures. The two types of defects can be generated either by the positive and negative fluctuations of chemical heterogeneity relative to the mean or by the physical roughness of the surface with grooves and ridges. These defects give rise to a complex landscape of a relatively nonwetting (repulsive) force field (red dots) intertwined with a relatively wetting (attractive) one (blue dots), as illustrated in Fig. 5(b) [and Fig. 5(c) ]. Because the red dots provide the largest pinning in the advancing direction, the advancing CL is pinned predominantly by the red dots, which produce larger CL deformations than those made by the blue dots [see Fig. 5(b) ]. Therefore, the corresponding force curve will have a symmetry similar to the red curve of the left loop in Fig. 5(a) . Similarly, the CL in the receding direction will be pinned predominantly by the blue dots, as indicted in Fig. 5(c) . Our model thus explains the sawtooth-like symmetry of the observed force fluctuations in the advancing and receding directions.
The above "composite model" can also be illustrated with an effective landscape experienced by the entire CL (assuming in the x direction). Figure 6 shows a one-dimensional (1D) presentation of the complex landscape (gray curve) consisting of interwined positive (nonwetting) and negative (wetting) fluctuations of the defect force relative to a mean value F 0 . Following Refs. [10, 31] , the mechanical balance between the elastic restoring force of the deformed liquid interface and the landscape of positive (negative) defect forces gives rise to an advancing (receding) trace as shown by the red (black) curve in Fig. 6 . Here we have assumed that the CL moves along its normal direction (y direction). The solid portion of the red and black curves corresponds to the pinning of the CL moving in the advancing (→) and receding (←) directions, respectively, and the dashed portion of the two curves represents the slip of the CL to another defect. The slope of the dashed lines indicates the effective spring constant of the deformed liquid interface. Such local pinning-depinning events result in a stick-slip-like motion of the CL, as shown in Fig. 2 . Because the solid traces provide the largest pinning, the CL is actually pinned by the positive (nonwetting) defects in the advancing direction and by the negative (wetting) defects in the receding direction. These two sets of coexisting and spatially intertwined defects with opposite natures therefore produce two different values of the contact angle (or capillary force) depending on the moving direction of the CL.
Although the above arguments are made for smooth but chemically heterogeneous surfaces, modeling of surface roughness is mathematically similar to that for chemical heterogeneity [3] . Therefore, the composite model is also applicable to rough surfaces, where grooves and ridges act FIG. 6 . A one-dimensional presentation of the complex landscape (gray curve) consisting of interwined positive (repulsive) and negative (attractive) fluctuations of the defect force relative to a mean value F 0 . The red advancing and black receding curves illustrate the pining and depining events as explained by the "composite model" of contact angle hysteresis (see text for more explanations).
like nonwetting and wetting defects, respectively [5] . Previous studies of CAH have considered chemically patterned surfaces composing of parallel alternating A-B stripes of equal width but with different wetting properties [32] [33] [34] [35] . In these studies, the CL was assumed to be parallel to the stripe boundaries and thus sequentially encounters two different types of boundary defects as it moves. This is a simplified model for a 1D periodic array of defects, as the CL only encounters a single step jump of contact angle (or energy barrier) at any given time. The composite model, on the other hand, is concerned with a 2D random array of defects, and thus the CL simultaneously encounters a large number of different defects, as indicated in Fig. 5(b) . In this case, because of the energetic competition between the relatively wetting and nonwetting defects, the microscopic position of the CL [y(x,s) in Eq. (8) below] becomes dependent on the moving direction of the CL.
Nonetheless, the simplified model for parallel alternating A-B stripes is a good starting point for the study of CAH. By a careful energetic analysis, the previous studies [33, 35] have shown analytically that CL pinning occurs only when the advancing CL crosses the A-B boundary from a relatively wetting region with a small contact angle to a relatively nonwetting (repulsive) region with a larger contact angle. During the crossover event, the CL retains at a unique minimum energy state by adjusting the shape of the liquid interface. Similarly, the CL pinning was also found when the receding CL moves from a relatively nonwetting surface with a large contact angle to a relatively wetting (attractive) surface with a smaller contact angle. When this condition is not satisfied, the CL moves across the A-B boundary by a sudden change of its contact angle, i.e., CL slip occurs. In this case, the CL jumps from a local minimum energy state to another local minimum energy state. These analytical results reached the same conclusion as illustrated in Fig. 5(a) and thus are consistent with the above composite model as far as the 1D defect case is concerned. It would be of great interest to extend the mathematical analysis and computer simulation to 2D chemically patterned surfaces, which have more interesting features closer to the actual solid surfaces used in experiment.
B. Surface structures of the glass fiber
As discussed in Sec. III, the hysteresis force loop shown in Fig. 2(a) was obtained on an uncleaned glass fiber, which is found to be hydrophobic with θ i 90
• (f 0) and has a large CAH. In this case, the heterogeneity spots on the fiber surface produce large fluctuations of the capillary force both in amplitude and in lateral extent, allowing us to clearly observe the sawtooth-like symmetry of the steady-state force fluctuations in both the advancing and receding directions. While Fig. 2(a) is very useful to reveal the basic features of the hysteresis force loop, it is quite difficult to use a uncleaned glass fiber to carry out systematic studies of CAH. We therefore use the plasma cleaning procedure as described in Sec. II to prepare the glass fibers with reproducible surface features. As mentioned above, the freshly plasma-cleaned glass fiber shows no hysteresis in water with θ 0 0
• . Even for this chemically homogeneous fiber surface, we still observed considerable CAH for a variety of liquids listed in Table I , indicating that the observed CAH for the plasma-cleaned glass fiber is caused primarily by the surface roughness, which remains the same for different liquids.
To examine the actual surface morphology, we conduct AFM measurements of surface topology of the glass fiber used in the experiment. Figure 7 shows a typical AFM topographic image of the top surface of a glass fiber lying on a flat substrate. While the fiber surface is relatively smooth, it is nevertheless superimposed with a roughness landscape consisting of intertwined ridges (white) and troughs (dark) of typical (symmetric) height ±0.4 nm and domain size 20-50 nm. Except for Fig. 2(a) , all of the experimental results reported here, including those shown in Figs. 3 and 4 , are obtained using the plasma-cleaned glass fibers.
C. Capillary force hysteresis for a contact line
As discussed in Sec. IV A, because the advancing force f a and receding force f r are determined by two different sets of relatively wetting and nonwetting defects on the surface, the actual magnitude of f a and f r will depend on the nature and density of each set of the defects separately. This conclusion thus can be used to explain the asymmetric behavior of CAH observed on surfaces with either nonwetting (repulsion) dominant or wetting (attraction) dominant defects. For example, Priest et al. [15] reported that the CAH of the synthetic "high-energy" defects (i.e., wetting dominant defects) in the receding direction behaves similarly to that of the "low-energy" defects (i.e., nonwetting dominant defects) in the advancing direction. From the experiments using superhydrophobic surfaces consisting of a regular array of micropillars [36] [37] [38] , it was found that the relatively wetting micropillars (compared to the air) cause significant CL pinning in the receding direction and give rise to CAH.
When the distribution of the two sets of defects is symmetric, such as that shown in Fig. 7 , the unbalanced capillary force, |f i − f 0 |, needed to depin the CL and move it in the advancing direction (i = a) is equal to that in the receding direction (i = r). This condition implies that f 0 = (f a + f r )/2, which is used in the experiment to define the equilibrium contact angle θ 0 (cos θ 0 = (cos θ a + cos θ r )/2). This definition of θ 0 has also been used in previous studies [17, 18] . In this case, one has
where f 0 = πdγ cos θ 0 is the (unpinned) reference state. Macroscopically, one can write down the unbalanced capillary force as [39] ,
where f i is the mean value of the measured capillary force at its steady state, as shown in Fig. 2 . In the above, we have assumed that the contact angle change, δθ i = |θ i − θ 0 |, is small. With Eqs. (3) and (4) the capillary hysteresis force becomes
where the subscript i in δθ is dropped, because δθ = δθ a = δθ r when |f a − f 0 | = |f r − f 0 |. As shown in Fig. 3 , the measured f h agrees well with the scaling law predicted in Eq. (5). It is a linear function of γ sin θ 0 for small values of γ sin θ 0 (solid line in Fig. 3 ), indicating that sin(δθ) in Eq. (5) is a constant for all the 27 liquid samples used. This finding further confirms that the measured f h (or |f i − f 0 |) is caused primarily by the surface roughness of the glass fiber. In this case, sin(δθ) only involves local roughness variations, which are independent of the liquid samples used [6, 10, 17] . The value of sin(δθ) will change with the fluid samples used if chemical heterogeneity were involved. This is because the liquid-solid interfacial tension is changed when different fluids are used. From the slope of the solid line in Fig. 3 , we find sin(δθ) 0.06.
In deriving Eq. (4) we have assumed that the defectinduced contact angle variation δθ i is small so | cos(θ 0 + δθ i ) − cos θ 0 | sin θ 0 sin(δθ i ). In other words, Eq. (4) only gives the first-order expansion of | cos(θ 0 + δθ i ) − cos θ 0 |. This "weak pinning" assumption is supported by our finding that sin(δθ) 0.06. It is seen from Fig. 7 that the fiber surface is quite smooth with a roughness height of ∼0.4 nm over an area of size 20-50 nm. In addition, we find from Table I that the measured contact angle hysteresis, θ a − θ r , for most fluid samples is in the small range 1
• -7
• . With the defect size λ 20 nm and hysteresis force f h 1 mN/m (see Fig. 3 ), we estimate the energy involved for the CL pinning as [40] 
B T , where k B T is the thermal energy. These findings suggest that each individual defect is probably not big enough to pin the CL but collectively the roughness defects are able to pin the CL [17, 19, 31] .
It is also seen from Fig. 3 that although most of the data points are well described by a linear function (solid line), the two data points with the largest value of γ sin θ 0 show considerable deviations from the solid line. The two data points are obtained for benzyl alcohol (red circle) and formic acid (purple triangle), which also show large contact angle hysteresis with θ a − θ r in the range 8.1
• -13
• (see Table I ). For such large contact angle hysteresis, the first-order expansion in Eq. (4) is not adequate and higher-order terms may be needed.
To connect the macroscopic parameter sin(δθ) with the microscopic details of the surface roughness, we consider a topological defect with a maximal local slope ϕ relative to the substrate. The corresponding change of the capillary force δf d can be written as [6, 17, 19] , (6) where θ 0 is the contact angle relative to the substrate and dx is the size of the defect. Assuming the CL interacts with a number of defects simultaneously with its average direction along the x direction, we obtain the net capillary force per unit length acting on the CL,
where
and y(x,s) is the (microscopic) position of the CL at x for a given fiber height s. In the above, we have assumed that the local contact angle variation ϕ(x,y) is a smooth-varying function (no sharp kinks on the surface), so it is well defined at any spatial point (x,y). Because of CAH, y(x,s) is not a single-valued function. The position of the CL depends on the direction of its motion. As discussed above on the composite model, the (microscopic) location of an advancing CL tends to be trapped by nonwetting defects, whereas, for a retreating CL, y(x,s) picks up wetting defects. Equation (7) has several important implications. First, sin[ϕ(x,s)] x contains all the information about the spacial averaging of the defects along the CL (x direction) and dynamic variations of a MCL as it sweeps over the defect landscape along its travel direction s. Herein we focus our attention on the mean value of f d (s),
where y is the traveling distance of the CL over which f d (s) is averaged. Physically, f d (s) s is determined by the static "rupture force" needed to overcome the energy barriers imposed by the defects and depin the CL [31, 40, 41] . By comparing Eq. (9) with Eq. (5), one immediately finds f h 2 f d (s) s and
Although Eq. (9) is derived by assuming the defects result from surface roughness, a similar expression can also be obtained for the CAH induced by chemical heterogeneity [2, 4, 6] . Second, for a symmetric distribution of surface defects such as those shown in Fig. 7 , the average value sin[ϕ(x,s)] x,s should be zero if the CL sensed fluctuations of ϕ in both directions. The fact that the measured sin[ϕ(x,s)] x,s is nonzero, as shown in Fig. 3 , provides a further support to the composite model, which states that the advancing (and receding) CL only senses ϕ(x,y) in one direction.
Finally, for weak collective pinning, Robbins and Joanny [4, 31] predicted that Like many interfacial phenomena, measurement of the capillary force involves an average over the entire CL, and thus microscopic details about the defect landscape are needed in order to fully explain the macroscopic measurement. In Fig. 3 , we focus on the overall scaling dependence of the measured f h on the experimentally controllable (macroscopic) parameters, such as the surface tension γ and contact angle θ 0 , recognizing that the absolute value of f h and its fluctuations may depend on details about the defect landscape as well as the dynamics of the CL. As indicated in Fig. 2, sin[ϕ(x,s) ] x contains fluctuations as the CL moves along its normal direction s, which may involve such interesting dynamics as possible avalanche-like dynamics [42, 43] . Further theoretical modeling of sin[ϕ(x,s)] x is needed in order to understand how it depends on the CL dynamics. It is also of great interest to know how the scaling of the measured f h changes with increasing roughness. While these topics are important in their own right, they are beyond the scope of the present paper.
D. Spring constant of a liquid interface pinned on a vertical glass fiber
As shown in Fig. 2(a) , the linear variation of the measured f with the traveling distance s is caused by stretching the pinned liquid interface. The meniscus of the liquid interface around a stationary micron-sized fiber has zero mean curvature when the gravity effect is ignored, and it takes the form [44] 
where h is the meniscus height, r is its radial location, and b = (d/2) cos θ 0 . The capillary length c = √ γ /ρg is used to set the cut-off length of the horizontal extent of the meniscus. The capillary rise h 0 ≡ h(r = d/2) can be obtained by inverting the above expression,
When a CL is firmly pinned on the fiber surface and the fiber is pulled upward by a small distance dz, as shown in Fig. 8(a) , the contact angle is changed to θ 0 + δθ and the resulting restoring force is F s = γ [cos(θ 0 + δθ) − cos θ 0 ] −K s dz, where K s is the spring constant of the (deformed) meniscus. By a linear expansion of Eq. (13), we obtain the relation between δθ and dz and find
Equation (14) states that the ratio K s /γ depends mainly on sin θ 0 and is not very sensitive to d/2 c , as the value of ln(d/2 c ) does not change much for the fluid samples in Table I . As shown in Fig. 4 , the data are well described by Eq. (14) (solid line) without any adjustable parameter, and thus an excellent agreement is obtained between the theory and experiment.
Like many interfacial rheology measurements, the geometry of the liquid interface (or the shape of the CL) determines the coefficient between K s and γ . As indicated in Fig. 8(a) , the CL has a circular shape, which has little deformation under an external force as it is firmly pinned by a large number of defects. The pinning defects on the CL may also introduce additional, azimuthal-angle-dependent perturbations ("ripples") to the otherwise smooth meniscus, as depicted in Fig. 8(a) . However, the length scale involved for the ripples is of the order of the defect size λ 20 nm (see Fig. 7 ), whereas the length scale involved for the capillary rise goes as the fiber diameter d 2 μm. Because of the small length ratio λ/d 0.01, the effect of the ripples to the spring constant K s is expected to be very small. This argument is further justified by the good agreement between the theoretical prediction in Eq. (14) (without the ripple effect) and the experimental data shown in Fig. 4 .
The situation changes considerably for the single defect case, in which moving the defect by a distance dz will introduce a shape change of the CL, as indicated in Fig. 8(b) . Consequently, the spring constant K 1 of the liquid interface pinned by a single defect has a form that differs from Eq. (14) [10, 19] ,
where a is the defect size and L is a cutoff length of the system. We also notice the difference between Eq. (14) and the elastic constant of a meniscus calculated by Jai et al. [45] .
The calculation in Ref. [45] began with an approximation that the ratio of the capillary length l c to the capillary rise h 0 is simply the tangent of the contact angle θ 0 , i.e., tan(θ 0 ± δθ) = l c /(h 0 ∓ dz). This is a very rough estimate for the meniscus shape and it clearly differs from Eq. (13). Our prediction in Eq. (14) is derived from the exact solution of the meniscus around a stationary micron-sized fiber and thus is more accurate than that given in Ref. [45] . Again, the good agreement between Eq. (14) and the experimental results shown in Fig. 4 further supports this statement.
V. CONCLUSION
We have carried out a systematic experimental study of CAH by direct measurement of the capillary force f (t) in Eq. (1) acting on a MCL, which is formed on the surface of a long glass fiber intersecting a liquid-air interface. The glass fiber of diameter d in the range 1-2 μm and length 100-200 μm is glued onto the front end of a rectangular cantilever used for AFM. By moving the fiber up and down through the liquid interface, one can accurately measure the receding force f r (and hence the receding angle θ r ) and the advancing force f a (and the corresponding advancing angle θ a ), respectively. CAH is then characterized by the capillary force difference per unit length, f h = (f r − f a )/π d, given in Eq. (2) . As a sensitive force apparatus, the AFM can measure the capillary force down to 10 pN with an accuracy of 0.2% and at a high sampling rate up to 1 MHz. Such a real-time measurement allows one to directly study the pinning-depinning dynamics of a MCL.
By accurately measuring the capillary force hysteresis loop of 28 different liquids with varying surface tensions and contact angles, we find a universal behavior of the elastic restoring force of the pinned liquid interface and the unbalanced capillary force in the advancing and receding directions. Based on the experimental findings, we propose a "composite model" of CAH for ambient solid surfaces with two sets of coexisting and spatially intertwined defects of opposite natures. The two types of defects can be generated either by the positive and negative fluctuations of chemical heterogeneity relative to the mean or by the physical roughness of the surface with grooves and ridges. The model presented in Fig. 5 (and also in Fig. 6 ) explains the basic features of the measured hysteresis force loop in Fig. 2 . It is shown that the contact line is pinned primarily by the relatively nonwetting (repulsive) defects in the advancing direction and by the relatively wetting (attractive) defects in the receding direction.
From the experimental results shown in Fig. 3 , we find that the measured f h scales with γ sin θ 0 with a constant slope sin δθ. This result is in good agreement with the predication in Eq. (5). An equation is derived to connect the macroscopic parameter sin(δθ) with the microscopic details of the surface roughness. The experiment clearly demonstrates that CAH that was commonly reported in previous studies [1] [2] [3] [4] is in fact a manifestation of capillary force hysteresis. To overcome the pinning potential imposed by the defects, different forces |f i − f 0 | are needed in order to depin the CL and keep it moving in the advancing (i = a) and receding (i = r) directions.
By a linear expansion of the capillary rise of the liquid meniscus around a stationary micron-sized fiber, we obtain Eq. (14) , which states that the spring constant K s associated with the stretched meniscus is proportional to the liquid-air interfacial tension γ and the proportionality constant depends mainly on sin θ 0 . As shown in Fig. 4 , the data are well described by Eq. (14) without any adjustable parameter, and thus an excellent agreement is obtained between the theory and experiment. Having an experimentally verified exact solution of K s for a given geometry is very important, as it will establish a quantitative method by which many other soft interfaces involving polymers, surfactants, and biomolecules (such as proteins and lipids) may be characterized dynamically.
